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Abstract A rat epidermal keratinocyte (REK) line which 
exhibits histodifferentiation nearly identical to the native
epidermis when cultured at an air–liquid interface was
used to study the metabolism of hyaluronan, the major
intercellular macromolecule present in basal and spinous
cell layers. Two different support matrices were used: re-
constituted collagen fibrils with and without a covering
basal lamina previously deposited by canine kidney
cells. REKs formed a stratified squamous, keratinized
epithelium on both support matrices. Hyaluronan and its
receptor, CD44, colocalized in the basal and spinous lay-
ers similar to their distribution in the native epidermis.
Most (approximately 75%) of the hyaluronan was re-
tained in the epithelium when a basal lamina was present
while most (approximately 80%) diffused out of the epi-
thelium in its absence. While REKs on the two matrices
synthesized hyaluronan at essentially the same rate, ca-
tabolism of this macromolecule was much higher in the
epithelium on the basal lamina (half-life approximately 
1 day, similar to its half-life in native human epidermis).
The formation of a true epidermal compartment in cul-
ture bounded by the cornified layer on the surface and
the basal lamina subjacent to the basal cells provides a
good model within which to study epidermal metabo-
lism.
Introduction
Hyaluronan (hyaluronic acid) is a macromolecule with a
disaccharide repeat formed by the polymerization of al-
ternating glucuronic acid and N-acetylglucosamine resi-
dues. A single hyaluronan molecule can have a molecu-
lar weight of 10 million daltons (approximately 25,000
repeat disaccharides). Because of the large number of
carboxyl groups on the glucuronic acid residues, hyal-
uronan functions as a large polyanion in the body with
its open random coil structure occupying large solvent
domains (Wight et al. 1991; Laurent et al. 1996). Hyal-
uronan is generally regarded as a component of connec-
tive tissue extracellular matrices and, indeed, in embry-
onic connective tissue, it can be the major structural
molecule in the extracellular matrix where it plays roles
in cell proliferation and migration (Toole 1991).
Recent studies have emphasized that hyaluronan is
not simply a component of connective tissue extracellu-
lar matrices, but that it is also present in restricted loca-
tions within the nervous system (Ripellino et al. 1988;
Bignami et al. 1993) and in certain epithelial tissues
(Mani et al. 1992; Tammi et al. 1994a,b; Yung et al.
1996; Usui et al. 1999) including its universal presence
within stratified epithelia (Tammi et al. 1988, 1990; 
Laurent et al. 1995; Wang et al. 1996; Hirvikoski et al.
1999). We (R.T. and M.T.) have studied the distribution
of hyaluronan in the epidermis, a stratified squamous
keratinizing epithelium. Hyaluronan is present in ex-
ceedingly high concentrations in the small intercellular
spaces between adjacent basal and spinous keratinocytes,
among the highest concentrations of any place in the
body (Tammi et al. 1994b, 1999). Additionally, studies
of human skin organ cultures have demonstrated that hy-
aluronan within the epidermis is rapidly turned over, an
observation that suggests that the epidermis possesses
mechanisms to catabolize hyaluronan that are closely 
coordinated with its synthesis by keratinocytes (Tammi
et al. 1991).
In skin, both epidermal keratinocytes and the cells
present in the dermis (principally fibroblasts) synthesize
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hyaluronan (Tammi et al. 1994b). Because both portions
of the skin (epidermis and dermis) form and contain hy-
aluronan, it is frequently difficult to resolve the specific
contribution of each component to the overall metabo-
lism and content of this macromolecule in skin. To un-
derstand more completely the nature of hyaluronan syn-
thesis and distribution in the epidermis, we have studied
a rat epidermal cell line in culture. Our initial experi-
ments utilized monolayer cultures to determine how hy-
aluronan is organized on the keratinocyte cell surface
and its relationship to the cell surface hyaluronan-
binding molecule, CD44 (Tammi et al. 1998).
We now extend these studies to the metabolism of
hyaluronan in a reconstituted epidermis formed by the
rat epidermal keratinocytes (REKs) when grown on col-
lagen at the interface between the medium and gaseous
phase of the culture (a “lifted” culture; Lillie et al.
1980). This culture conformation facilitates reformation
of a stratified epithelium that more closely resembles
the native epidermis than conventional “submerged”
cultures and is often called an “organotypic” culture
(Voigt and Fusenig 1979). Midway into our studies, it
became apparent that while the REKs reformed an epi-
dermis that closely resembled the native tissue, with
basal cells dividing and moving through various cell
strata ultimately to form a cornified (“keratinized”) tis-
sue surface, the epidermis remained “open” on its inferi-
or aspect. In order to form a true epidermal compart-
ment bounded superiorly by the stratum corneum and
inferiorly by a basal lamina, we cultured the REKs on a
collagen matrix that was covered by a basal lamina 
previously deposited by Maden Darby canine kidney
(MDCK) cells which were then removed from the ma-
trix prior to adding the keratinocytes. The presence of
the basal lamina on the collagen matrix altered the me-
tabolism and distribution of hyaluronan when compared
to the “open” collagen matrix alone. A comparison of
hyaluronan metabolism on the two different culture sub-
strates and the barrier function of the basal lamina in al-




The REK cell line used in this study was derived from neonatal
REKs (a gift of Howard Baden) originally isolated by Baden and
Kubilus (1983). The keratinocytes stratify and terminally differen-
tiate (“keratinize”) in culture in the absence of “feeder” cells and
exhibit a particularly high degree of tissue organization when cul-
tured on collagen at the interface between the culture medium and
culture gas phase (MacCallum and Lillie 1990). Stock cultures
were grown in Dulbecco’s modified minimal essential medium 
(1 g glucose/l), 10% fetal bovine serum, 50 µg/ml gentamicin sul-
fate (“complete medium”) at 37°C in humidified 95% air/5% CO2.
Keratinocytes were subcultured by incubating them for approxi-
mately 10 min at 37°C in 0.02% EDTA and 0.05% crystalline
trypsin (Calbiochem, La Jolla, Calif., USA) in Ca2+, Mg2+-free
Earle’s balanced salt solution buffered to pH 7.4 with 20 mM
HEPES.
Collagen substrate
Commercially available rat tail collagen (Sigma, St. Louis, Mo.,
USA) was dissolved at a concentration of 2.2 mg/ml in 0.034 N
acetic acid at 4°C overnight. The dissolved collagen was dialyzed
at 4°C against 2×500 volumes 0.2 M NaCl in 50 mM TRIS-HCl,
pH 7.6, over 24 h. The dissolved collagen, 800 µl, was added to
individual 24.5-mm-diameter tissue culture inserts (Costar Tran-
swell; 3.0 µm pore size). Collagen fibrils were formed by incubat-
ing the tissue culture inserts for 45 min at 37°C in a humidified at-
mosphere. The collagen gels thus formed were used directly with-
out further treatment or, alternatively, were immersed in balanced
salt solution at 4°C until needed.
Preformed basal lamina
MDCK cells were obtained from the American Type Culture Col-
lection (Bethesda, Md., USA) and were subcultivated onto colla-
gen gels in the tissue culture inserts (200,000 cells/24.5-mm in-
sert). The MDCK cells were fed 3 times per week for 18–22 days
using the same medium as that used for the keratinocytes. MDCK
cells were removed using a protocol slightly modified from that of
Huber and Weiss (1989) and Kramer et al. (1985). This required
exposing the cells for approximately 10 min to a sterile 10 mM
TRIS-HCl hypotonic buffer that contained 0.1% bovine serum al-
bumin (BSA) and 0.1 mM CaCl2, pH 7.5. The MDCK cells on the
collagen were subsequently solubilized by incubating them in ster-
ile 0.2% deoxycholate (Calbiochem) in the same buffer for 
2×5 min at 37°C followed by incubation in sterile 0.5% Nonidet
P-40 in the same buffer for 5 min at room temperature. After each
incubation, the surface of the Transwell was gently washed using a
Pasteur pipette and the detergent solution removed. When viewed
with a phase microscope, there should be no morphological evi-
dence of the MDCK cells after the second deoxycholate incuba-
tion. Following lysis of the cells, the Transwell culture surface
was covered by a basal lamina, deposited by the MDCK cells, sit-
ting on the surface of a collagen gel composed of reconstituted na-
tive collagen fibrils. The cleaned culture substrates are rinsed 3
times over 1 h in balanced salt solution followed by two changes
of complete tissue culture medium over 0.5 h at 37°C. Alternative-
ly, the basal lamina-covered collagen gels can be stored in bal-
anced salt solution at 4°C for several months and subsequently
treated with complete culture medium immediately prior to use.
“Lifted” or “organotypic” keratinocyte cultures
Cultures of REKs just having reached confluence with little or 
no morphological evidence of stratification were subcultivated 
onto either collagen-covered (designated BL–) or basal lamina-
coated/collagen-covered (designated BL+) Transwell culture in-
serts at a concentration of 150,000–200,000 REKs/24.5-mm in-
sert. The subcultivated REKs were grown for 2 days with culture
medium present both in the well beneath the Transwell insert as
well as on the surface of the cells. The culture medium was subse-
quently removed from the surface of the cells and the level of the
medium beneath the Transwell insert adjusted to the level of the
REKs present on the BL– or BL+ collagen gels. The cultures for
this study were grown for an additional 5 days at 37°C in humidi-
fied 95% air/5% CO2 with the medium being changed 3 times per
week.
Electron microscopy
Culture substrates to be examined by scanning electron microsco-
py were fixed for 2 h at room temperature in 2.5% glutaraldehyde
in pH 7.4, 0.1 M sodium cacodylate that contained 4% sucrose and
2 mM CaCl2. The substrates were then sequentially fixed in aque-
ous 1% OsO4, 1% tannic acid, 1% OsO4 for 1 h each before being
dehydrated through ascending concentrations of ethanol. The etha-
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nol was exchanged by three changes of hexamethyldisilazane from
which the substrates were subsequently air dried. The substrates
were mounted on stubs and sputter coated with platinum/palladi-
um prior to scanning.
Cultures examined as either epoxy-embedded 1-µm-thick light
microscopic sections or as conventional electron microscopic thin
sections were fixed for 2 h at 4°C in a 50:50 mixture of buffered
2.5% glutaraldehyde and 2% aqueous OsO4 with the final mixture
containing 4% sucrose and 2 mM CaCl2. The samples were dehy-
drated in ethanol and propylene oxide and embedded in epoxy res-
in. Sections were stained with either toluidine blue (light micro-
scope) or uranyl acetate and lead citrate (electron microscope).
Histochemical demonstration of hyaluronan
A hyaluronan-specific probe, biotinylated hyaluronan binding
complex (bHABC), was prepared from a 4-M guanidine-HCl ex-
tract of bovine articular cartilage after dialysis and digestion with
trypsin, as described previously (Tammi et al. 1994b). The
bHABC probe exhibited the biotinylated G1 domain of aggrecan
and biotinylated link protein as the only silver stained and biotin-
ylated proteins present when analyzed by SDS-PAGE.
Eight-millimeter circular biopsies were cut from individual
culture inserts and fixed in 2% paraformaldehyde, 2.5% glutaral-
dehyde, 0.5% cetylpyridinium chloride, and 30 mM NaCl in 0.1 M
phosphate buffer, pH 7.4, overnight. The biopsies were washed
with buffer, dehydrated, and embedded in paraffin. Three-micron-
thick sections were cut, deparaffinized, and incubated in 1% BSA
in phosphate buffer for 30 min. The sections were then incubated
with bHABC (3–5 µg/ml diluted in 1% BSA, 0.1 M sodium 
phosphate, pH 7.4) overnight at 4°C, washed with buffer 3 times
(5 min each), and incubated with avidin-biotin-peroxidase (Vector
Laboratories, Irvine, Calif., USA) for 1 h at room temperature.
The sections were then incubated for 5 min in 0.05% 3,3′-diami-
nobenzidine (DAB) and 0.03% hydrogen peroxide in the phos-
phate buffer. After washes, the sections were counterstained with
Mayer’s hematoxylin for 2 min, washed, dehydrated, and mounted
in DPX. The specificity of the staining was controlled by preincu-
bating the sections with Streptomyces hyaluronidase (100 turbidi-
ty reducing units/ml) in 50 mM sodium acetate buffer, pH 5.0,
containing protease inhibitors for 3 h at 37°C to remove hyaluro-
nan from the tissue (Tammi et al. 1989). Other controls included
sections reacted with the bHABC probe that was pretreated with
hyaluronan oligosaccharides as described (Tammi et al. 1989) to
block specifically the binding of the probe to endogenous hyaluro-
nan in the sections.
CD44 localization
For the localization of CD44, the tissues were fixed in Histochoice
(Amresco, Solon, Ohio, USA) for 2 h, washed, dehydrated in
graded ethanol, and embedded in paraffin. The sections were first
treated for 5 min with 1% H2O2 to block endogenous peroxidase,
and then incubated with 1% BSA in phosphate-buffered saline
(PBS) for 30 min to block non-specific binding. Thereafter the
sections were incubated with monoclonal anti-CD44 (OX50; Bio-
source, Camarillo, Calif., USA; 1:50 dilution in 1% BSA) over-
night at 4°C, followed by sequential 1-h incubations with biotin-
ylated anti-mouse antibody (Vector; dilution 1:50), and avidin-
biotin-peroxidase (Vector; 1:200 dilution). The color was devel-
oped with DAB as described above. The controls included sec-
tions treated in the same way but omitting the primary antibody, or
by replacing it with non-immune mouse IgG.
Metabolic labeling of REK cultures
Five days after the REK cultures were configured at the gas–liquid
interface (7 days after subcultivation onto the respective matrices),
cultures were metabolically labeled with 20 µCi/ml [3H]glucos-
amine and 100 µCi/ml 35SO4 (both compounds were from Amers-
ham, Little Chalfont, UK) in complete tissue culture medium. Cul-
tures were analyzed at 3, 6, 9, 12, 18, and 24 h after labeling. In
separate cultures, fresh medium without radiolabeled precursors
was added at time 0. At 15 or 24 h, the radiolabeled precursors
were then added in a small aliquot from a concentrated stock solu-
tion to give final concentrations equivalent to the continuously la-
beled cultures. In each case, these cultures were incubated for an
additional 3 h giving labeling windows of 15–18 h and 24–27 h.
Addition of isotopes near the end of the experiment was done to
ensure that any changes observed in metabolic labeling were not
due to progressive dilution or exhaustion of the isotopes.
Culture compartments defined
Three “compartments” of the cultures (medium, epithelium, and
matrix) were analyzed. As explained below, values for two of the
compartments (medium and matrix) were combined and expressed
as a single value. At the end of each labeling interval, the medium
(2 ml) was collected and the culture inserts were washed once
with 0.5 ml Dulbecco’s PBS which was added to the medium 
(= medium compartment). Thereafter the cultures were immersed
in 1 ml 0.04% sodium EDTA in PBS for 5 min at 37°C to sepa-
rate the epithelium from the matrix (Tammi and Tammi 1986).
The epithelial sheets were mechanically lifted off the matrices 
(BL+ and BL–) using a stereo microscope and fine needles to ac-
complish the separation. The epithelial sheets were analyzed sepa-
rately (= epithelial compartment) and the EDTA separating solu-
tion was combined with the collagen or basal lamina + collagen
matrix (= matrix compartment). All three compartments were ana-
lyzed for glycosaminoglycans. Some of the separated cultures
were processed for light microscopy to ensure that the separation
between the two compartments took place at the junction of the
basal cells with the underlying matrix (data not shown). Data ob-
tained from the “media” and “matrix” compartments have been
combined and treated as a single value for each time point for the
sake of simplicity in the presentation of graphs and to facilitate the
comparison between the REKs cultured on the two different matri-
ces (BL– or BL+).
Purification of the radiolabeled hyaluronan 
and glycosaminoglycans
Carrier hyaluronan (4 µg in 40 µl, Healon; Pharmacia, Uppsala,
Sweden) and 4 volumes 100% ethanol saturated with NaCl were
added to each medium, matrix, and epithelial sheet. After 1 h at
–20°C, precipitates were centrifuged for 15 min at 2500 g. Each
precipitate was suspended in 200 µl 50 mM sodium acetate, 
pH 5.8, containing 5 mM cysteine-HCl and 5 mM sodium EDTA
to which 50 µg papain (Sigma) in 50 µl water was added followed
by incubation at 60°C for 4 h. The samples were heated at 100°C
for 10 min, centrifuged at 13,000 g for 15 min, and supernatants
containing hyaluronan and other glycosaminoglycans recovered.
Cetylpyridinium chloride (1% in 20 mM NaCl, 4 volumes) was
added to each supernatant followed by incubation for 1 h at room
temperature. After centrifugation at 13,000 g for 15 min, each su-
pernatant was carefully removed by aspiration. Each precipitate
was washed with 1 ml H2O, centrifuged, and the supernatant dis-
carded as above. Each cetylpyridinium chloride precipitate was
dissolved in 50 µl 4 M guanidine-HCl, and 900 µl ethanol, saturat-
ed with NaCl, was added. After 1 h at –20°C, each sample was
centrifuged and the precipitate retained.
Each purified sample was dissolved in 50 µl 50 mM sodium
acetate, pH 6.7, and digested for 3 h at 37°C with 25 mU chondro-
itinase ABC and 1 mU of Streptococcal hyaluronidase (both from
Seikagaku Kogyo, Tokyo, Japan), and 10–45 µl injected onto a
1×30 cm Superdex Peptide column (Pharmacia) and eluted at 
0.5 ml/min with 0.1 M NH4HCO3. The eluent was monitored at
232 nm, and aliquots of the 250-µl fractions were counted for 3H
and 35S. The carrier hyaluronan produced a disaccharide peak at
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232 nm which was used to monitor the recovery (about 80%) and
correct for any losses in purification.
Ion-exchange chromatography
The radiolabeled disaccharide peaks from Superdex chromatogra-
phy were dried, redissolved in water, and their identities con-
firmed by ion-exchange chromatography. The non-sulfated disac-
charides and monosulfated chondroitin disaccharides were frac-
tionated on 4×50 mm Carbopak MA1 and PA1 columns (Dionex,
Sunnyvale, Calif., USA) eluted isocratically with 20 mM and 
500 mM sodium phosphate, pH 7.0, respectively. The disulfated
disaccharides were chromatographed on a 0.4–1.0 M LiCl gradient
on the PA1 column. More than 85% of the radioactivity in the
dried peaks coeluted with standards (Seikagaku Kogyo) in the ex-
pected positions.
Chemical quantitation of hyaluronan with double labeling
The specific activity of [35S]sulfate in the medium compartment is
the same as that in 3′-phosphoadenosine-5′-phosphosulfate, the
metabolic precursor of sulfate incorporation into sulfated glycos-
aminoglycans, after a short equilibration time between the medi-
um and intracellular pools. Thus the 35S activity in chondroitin
sulfate is a measure of the mass of chondroitin sulfate synthesized
during the labeling period. Conversely, the specific activity of
[3H]glucosamine in the medium is much higher, often more than
100-fold, than the specific activity of the uridine diphosphate
(UDP)-N-acetylhexosamine pool even after equilibration between
the medium and intracellular compartments. This occurs because
glucose is the primary source of glucosamine inside the cell, and
therefore, metabolic conversion of glucose to glucosamine dilutes
the specific activity of the exogenous, radiolabeled glucosamine.
This dilution factor is generally unknown. However, we take ad-
vantage of the dual label in the chondroitin sulfate disaccharides
to circumvent this problem.
From the known specific activity of the [35S]sulfate in the me-
dium, the masses of the monosulfated disaccharides were deter-
mined for each sample. Since the UDP-N-acetylhexosamine pool
is a common precursor for both chondroitin sulfate and hyaluro-
nan synthesis, the ratio of 3H activity for these two glycosamino-
glycans is equivalent to their mass ratio. Thus, the product of the
mass of chondroitin sulfate synthesized (derived from the 35S ac-
tivity) times the ratio of 3H in hyaluronan to that in chondroitin
sulfate is a measure of the mass of hyaluronan synthesized. The
rationale and efficacy of this method is presented in greater detail
in Yanagishita et al. (1989).
Determination of size distribution of hyaluronan using S1000 
size-exclusion chromatography
Extracts of collagen were combined with the medium, and 0.5 ml
of this sample was used for size distribution determination. The
samples were injected into a 1×30 cm column of Sephacryl S1000
(Pharmacia), eluted with a flow rate of 20 ml/h with sodium ace-
tate buffer (0.15 M, pH 6.8) containing 0.1% CHAPS. Half-
milliliter fractions were collected and two samples of 100 µl were
taken for the assay of hyaluronan using CPC precipitation on ni-
trocellulose membrane as previously described (Ågren et al.
1997). One of the samples was subjected to digestion with Strep-
tomyces hyaluronidase (5 turbidity reducing units/sample) for 3 h
at 37°C before CPC precipitation, while the other sample got an
equal volume of buffer. The difference in DPMs between the undi-




The basal lamina deposited on the collagen gel by
MDCK cells exhibited a clean, smooth, featureless sur-
face when examined at low power by scanning electron
microscopy (Fig. 1A). When the surface of the collagen
gel was gently scraped by fine forceps, the basal lamina
was torn and the underlying collagen fibrils could be vi-
sualized (Fig. 1B,C). When the surface of the basal lami-
na was examined at high power faint, linear profiles that
sometimes overlapped were observed (Fig. 1D,E). These
profiles represented collagen fibrils immediately subja-
cent to the basal lamina that apparently were firmly ad-
herent to the basal lamina because in no case were we
able to peel just the basal lamina from the surface of the
gel without accompanying collagen fibrils.
Occasional (1–2/100 µm2), small (<1.0 µm) circular
or oval defects in the lamina were evident at high magni-
fication (Fig. 1F). These defects apparently result from
MDCK cell cytoplasmic processes projecting through
the formed basal lamina (Valentich 1982). Thus, while a
basal lamina covers the entire surface of the collagen
gel, it is evident that the lamina is not 100% intact. [Our
experience is that one of each batch of basal lamina-
covered collagen gels should be examined by scanning
electron microscopy before using them as culture sub-
strates because infrequent batches may exhibit many
small holes (approximately 100/100 µm2)]. The arrange-
ment and space occupied by the collagen fibrils exposed
by peeling back the basal lamina (Fig. 1C) was charac-
teristic of the collagen matrix without a basal lamina
used in these culture experiments, and was conspicuous-
ly “open” when compared to the basal lamina-covered
collagen gels.
Morphology of REKs cultured on collagen or basal 
lamina-covered collagen at the air–medium interface 
(an “organotypic culture”)
REKs subcultured onto either substrate grew to conflu-
ence, stratified, and exhibited the normal progression
from basal cell to cornified surface cell (Fig. 2A,B). The
number of cells in the viable cell strata remained rela-
tively constant from 5 days of lifted culture onward;
however, the cornified layer continued to increase in
thickness as terminally differentiated cells were continu-
ally added for the duration of the culture period (not
shown). The major morphological difference between
REKs grown on collagen alone (BL–) and REKs grown
on the basal lamina-covered collagen (BL+) was evident
at the junction of the basal keratinocytes with the under-
lying matrix. Basal keratinocytes grown on collagen
alone exhibited numerous, small cytoplasmic processes
extending from the undersurface of the cell down into
the meshwork of collagen fibrils. With extended culture,
a sizable population of detached cytoplasmic fragments
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Fig. 1A–F Scanning electron micrographs of basal lamina-
covered collagen support matrices. A Eight-millimeter diameter
sample of the basal lamina-covered matrix. Arrow points to the re-
gion shown in B. B Surface defect made by dragging fine forceps
across the basal lamina exposing the underlying collagen. The
edge indicated by the arrow is shown at higher power in C.
C Torn edge of the basal lamina (arrow). The solid surface of the
basal lamina contrasts with the mesh work of collagen fibrils un-
derlying it. Collagen fibrils always were torn away with the basal
lamina when the surface was disturbed indicating that the basal
lamina was firmly adherent to the collagen. The arrangement of
the collagen fibrils in the micrograph is identical to that of matri-
ces used to culture keratinocytes in the absence of a basal lamina
(BL–). D,E High power scanning electron micrographs of the bas-
al laminar surface indicating a faint fibrillar texture (examples at
arrows) due to the underlying collagen fibrils. Each micrograph
includes a surface defect made to expose underlying collagen fi-
brils. F Two pores (50 and 80 nm; arrows) in the basal lamina due
to processes of Maden Darby canine kidney cells extending
through the basal lamina as it was being formed. Bar (in D) 
1.7 mm in A; 600 µm in B; 1.6 µm in C; 1 µm in D–F
(“blebs”) accumulated immediately beneath the basal
cells (Fig. 2A). Basal cells apposed to the basal lamina
exhibited a smooth undersurface (Fig. 2B). Ultrastructur-
al study of the REKs cultured on the two different sub-
strata confirmed the light microscopic results. Basal cells
on collagen alone exhibited cytoplasmic processes ex-
tending from the undersurface of the basal cells down
among the collagen fibrils (Fig. 3A). Basal cells opposite
the basal lamina appeared to have reestablished the nor-
mal basal keratinocyte relationship with the basal lamina
and exhibited a smooth inferior plasma membrane sur-
face with variable numbers of hemidesmosomes spaced
along its length (Fig. 3B).
Hyaluronan and hyaluronan receptor (CD44) localization
in organotypic cultures
Hyaluronan was identified in five 5-day organotypic cul-
tures using a hyaluronan-specific bHABC purified from
bovine articular cartilage. Hyaluronan was present between
keratinocytes in either culture configuration (BL–, BL+) in
the spinous and basal cell layers with the strongest signal
present between suprabasal spinous cells (Fig. 4A,B). Hy-
aluronan was demonstrable in the subjacent collagenous
matrix either in a beaded pattern (not shown) or as a dif-
fusely stained zone (Fig. 4A) in cultures grown on collagen
alone (BL–), but was absent in cultures grown on a basal
lamina-covered collagen matrix (BL+; Fig. 4B). The hyal-
uronan-binding molecule, CD44, localized immunohisto-
chemically, exhibited a distribution in the cell layers nearly
identical to that of hyaluronan in REKs cultured on either
support matrix (Fig. 4C). CD44 was present in the BL–
collagen matrix in the form of small globular deposits, pre-
sumably localized on the cytoplasmic blebs cast off from
the basal keratinocytes (not shown).
Biosynthesis of glycosaminoglycans by REK 
organotypic cultures
The biosynthetic data presented are from a single experi-
ment with one sample for each time point in each group
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Fig. 2 Light micrographs of rat epidermal keratinocytes (REKs)
cultured on collagen alone (BL–; A) and on a basal lamina-cov-
ered collagen gel (BL+; B) after 5 days of growth at the air–liquid
interface of the culture. Arrows mark the junction of the stratified
epithelia with their support matrices. The upper part of the corni-
fied layer was lost during processing of the BL+ culture (B) and
thus appears thinner than that on the BL– culture. Basal keratino-
cytes cultured on collagen (BL–) often released cytoplasmic frag-
ments (arrows) from their undersurface into the collagen matrix
(inset, A). Arrows mark the junction of the epithelium with the
support matrix. Bar 15 µm
(BL+, BL–) together with cultures used in the labeling
window experiments (16 total cultures, each of which
yielded three components that were, in turn, then sub-
jected to eight separate analyses). The data presented are
consistent with two previous experiments that were con-
ducted with fewer time points to establish labeling con-
ditions and times.
Seven-day-old organotypic cultures of REKs were 
incubated for different times with [35S]sulfate and
[3H]glucosamine as metabolic precursors for labeling
glycosaminoglycans. The total incorporation of each pre-
cursor into purified glycosaminoglycans is shown in 
Fig. 5 as a function of labeling time and for individual 
3-h labeling windows (0–3, 12–15, 24–27 h). Incorpora-
tion of 35S into sulfated glycosaminoglycans (chondroit-
in sulfate and heparan sulfate) decreased with labeling
time, but showed no difference between cultures with
(BL+) or without (BL–) an intervening basal lamina.
While incorporation of 3H activity into glycosaminogly-
cans also decreased with labeling time, there was a dis-
tinct difference between the two culture configurations
with significantly less label in the BL+ configuration at
times greater than approximately 10 h.
The differences in 3H incorporation into the glycos-
aminoglycans at the 12- to 24-h time points do not re-
flect different incorporation rates during that time period
of the experiment because 3H incorporation at each of
the 3-h labeling windows was the same for both culture
configurations. However, there was a gradual decrease in
net incorporation from the first labeling window (0–3 h)
to the final labeling window (24–27 h) in both culture
configurations, most likely reflecting decreases in medi-
um components, for example, glucose, necessary for gly-
cosaminoglycan synthesis.
Quantitation of glycosaminoglycans
Portions of the purified glycosaminoglycans from each
compartment (epithelium, matrix + medium) of each cul-
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Fig. 3A,B The junction of basal keratinocytes with support matri-
ces is illustrated. A Basal keratinocytes extend cell processes out
into the underlying mesh of collagen fibrils, often enveloping
groups of fibrils (arrows), when cultured on a collagen support
matrix lacking a basal lamina. B The undersurface of a basal kera-
tinocyte opposite a basal lamina (arrowheads) exhibits attachment
specializations, hemidesmosomes (arrows), that are a normal fea-
ture of the native tissue. The “open” nature of the collagen support
matrix (A; BL–) is evident when compared with boundary formed
by the basal lamina (B; BL+). Bar 0.2 µm
ture configuration (BL–, BL+) were digested with a
combination of chondroitinase ABC and Streptococcal
hyaluronidase. Each digest was eluted on a Superdex
Peptide gel filtration column, an example of which is
shown in Fig. 6. The three classes of glycosaminogly-
cans resolve as indicated, with intact heparan sulfate
chains eluting in the void volume and the disaccharides
derived from chondroitin sulfate eluting as two separate
peaks immediately before the disaccharides derived from
hyaluronan. The hyaluronan disaccharide peaks repre-
sented a high proportion of the total 3H activity
(55–70%) indicating that hyaluronan is the predominant
glycosaminoglycan synthesized by the REKs.
The ratio of 3H to the mass of monosulfated disaccha-
ride (derived from 35S activity) is a measure of the spe-
cific activity of the galactosamine incorporated into
chondroitin sulfate during the labeling period as de-
scribed in Materials and Methods (Yanagishita et al.
1989). Values for this ratio are shown in Fig. 7 for the la-
beling experiment. For both culture configurations the
values gradually increase approximately twofold during
the 24 h of the experiment reflecting the slower equili-
bration of [3H]glucosamine than of [35S]sulfate between
the medium and intracellular pools. Importantly, howev-
er, there is no significant difference in this parameter be-
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Fig. 4 Hyaluronan in REK cultures lacking a basal lamina 
(BL–; A) and with a basal lamina (BL+; B). In cultures lacking a
basal lamina hyaluronan diffused into the collagen matrix immedi-
ately subjacent to the epithelium (bracket) while no hyaluronan
was observed in this location in the BL+ cultures. Panel C demon-
strates the presence of the hyaluronan-binding molecule CD44 in
the same regions in which hyaluronan is present in both culture
configurations. Arrowheads mark the junction of the epithelium
with the support matrix. Bars 14 µm in A,B; 20 µm in C
Fig. 5 Incorporation of radioactive 35SO4 (upper graph) and 
3H ([3H]glucosamine as precursor; lower graph) as precursors into
glycosaminoglycans synthesized in organotypic cultures of epider-
mal keratinocytes on collagen gels with (BL+ = squares) or with-
out (BL– = circles) an intervening basal lamina. The curves show
logarithmic fitting of the data points (dotted line = BL+; solid 
line = BL–) for the 3- to 24-h labeling periods. Horizontal bars in-
dicate values obtained from separate 3-h labeling windows 0–3,
12–15, and 24–27 h after starting the continuous labeling
tween the two culture configurations (BL–, BL+). This
means that differences in the distribution of 3H-labeled
hyaluronan in the two different culture configurations re-
flect real differences in the amounts of the 3H-labeled
hyaluronan and are not due to differences in specific ac-
tivities of the precursor pools.
Compartmentalization of hyaluronan
Figure 8A shows that the total 3H activity, hence the total
mass, of hyaluronan that accumulates over 24 h is ap-
proximately 35% greater in REK cultures without a basal
lamina (BL–) than in cultures with a basal lamina (BL+).
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Fig. 6 An example of a chromatographic analysis of glycosami-
noglycans synthesized by keratinocytes in an organotypic culture.
Purified 35S- and 3H-labeled glycosaminoglycans were digested
with chondroitinase ABC and Streptococcal hyaluronidase and
separated on a Superdex Peptide gel filtration column. Undigested
material, mainly heparan sulfate (HS), appears in the void volume
and disaccharides elute in the order of decreasing sulfation, as in-
dicated in the figure. The 35S radioactivity in the monosulfated
chondroitin sulfate disaccharides (∆Di4S and ∆Di6S, fractions
59–61, see inset) were used to calculate the specific activity of the
incorporated 3H and the chemical quantity of hyaluronan in the
non-sulfated disaccharide peak (∆DiHA)
Fig. 7 Specific activity of N-acetylgalactosamine incorporated in-
to chondroitin sulfate in organotypic cultures of epidermal kerati-
nocytes. The values were obtained from the epithelium of cultures
labeled for 3–24 h, each chromatographed as demonstrated in 
Fig. 6. The curves represent logarithmic fitting of the data points
(excluding the value in parenthesis). For symbols and labels, see
Fig. 5
Fig. 8 Newly synthesized hyaluronan (total; A), and amounts in
the epithelium (B) and the subjacent matrix plus medium compart-
ments of organotypic keratinocyte cultures (C). The curves show
the data points fitted to logarithmic equations. For symbols and la-
bels, see Fig. 5
Inspection of the earliest time points (up to 6 h; Fig. 8A)
as well as the data in Fig. 5 indicate that there is no sig-
nificant difference between the rates of hyaluronan syn-
thesis between the two culture configurations. Therefore
the results in Fig. 8A indicate that cultures with a basal
lamina are catabolizing significantly more of the hyal-
uronan that was synthesized during the labeling period.
Importantly, the amount of hyaluronan that is retained in
the epithelial compartment of cultures with a basal lami-
na at 24 h is much higher (Fig. 8B). In this case approxi-
mately 75% of the total labeled hyaluronan is in the epi-
thelial compartment. Conversely, only approximately
20% of the total hyaluronan is retained in this compart-
ment in the cultures lacking a basal lamina; most has dif-
fused into the underlying collagen matrix and medium
compartments (Fig. 8C).
Heparan sulfate and chondroitin sulfate 
in the epidermal compartment
In contrast to hyaluronan, there were no differences in
the accumulation of labeled heparan sulfate and chon-
droitin sulfate within the epidermal compartment of the
two culture configurations (Fig. 9). In each culture con-
dition, the accumulation continued, but with a gradually
decreasing rate. The curves suggest that some of these
glycosaminoglycans are also being catabolized, but addi-
tional experiments would be required to confirm this and
to define approximate half-lives. The results also indi-
cate that the keratinocytes synthesize approximately ten-
fold more heparan sulfate than chondroitin sulfate.
Barrier function of the basal lamina
Portions of extracts of the collagen matrix compartment
were combined with equivalent portions of medium for
cultures from the 24-h time points. Aliquots were then
eluted from a Sephacryl S1000 column and fractions an-
alyzed for content of hyaluronan. Figure 10 shows a ma-
jor peak eluting near the void volume of the column for
the sample from the cultures without a basal lamina
(BL–), indicating the presence of high molecular weight
hyaluronan. In contrast, very little high molecular weight
hyaluronan was observed in the sample from the cultures
with a basal lamina (BL+) although high molecular
weight hyaluronan was present in the epithelium (data
not shown). This demonstrates that the basal lamina de-
posited by the MDCK cells formed an effective barrier
to high molecular weight hyaluronan.
Discussion
Growing epidermal keratinocytes on a support matrix at
the interface between the gaseous and liquid phases of a
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Fig. 9 Newly synthesized heparan sulfate (upper panel) and chon-
droitin sulfate (lower panel) in the epithelium of organotypic kera-
tinocyte cultures. The values were based on separation of the gly-
cosaminoglycans as shown in Fig. 6, and the specific activities of
incorporated 3H in Fig. 7. For symbols and labels, see Fig. 5
Fig. 10 Size distribution of hyaluronan in the matrix plus medium
compartments of epidermal keratinocyte organotypic cultures.
Proportional aliquots of extracts of the collagen gel and medium
were combined and injected onto a 1×30-cm Sephacryl S1000 col-
umn eluted with 150 mM sodium acetate, 0.1% CHAPS, pH 7.0.
Each fraction was analyzed for hyaluronan, based on its suscepti-
bility to Streptomyces hyaluronidase. Arrows indicate the void
(V0) and total volume (Vt) of the column. For symbols and labels,
see Fig. 5
culture greatly facilitates reformation of a tissue that
closely resembles an epidermis. There are many varia-
tions used in such “organotypic” cultures with respect to
the supporting matrices employed and the inclusion of
viable connective tissue cells (see Schoop et al. 1999 for
an excellent current review of such culture methodolo-
gies). The inclusion of viable connective tissue cells in
the support matrix generally seems necessary for the re-
liable formation of a basal lamina by the cultured kerati-
nocytes (Fleischmajer et al. 1998; Shoop et al. 1999).
However, because fibroblasts or fibroblast-like cells in-
cluded in the matrix synthesize and catabolize hyaluro-
nan, use of a support matrix with included fibroblasts to
facilitate reformation of an epithelial basal lamina would
have confounded our objective of studying hyaluronan
metabolism within the epidermal compartment.
Since cultures lacking a basal lamina permitted diffu-
sion of newly synthesized hyaluronan away from the re-
constituted epidermis, and inclusion of supporting cells
in the collagen matrix necessary for basal lamina forma-
tion would have partially masked hyaluronan synthesis
by the keratinocytes, we employed the concept of cultur-
ing keratinocytes on a preformed basal lamina, a strategy
previously employed by one of us (D.K.M.) in culturing
oral keratinocytes (Lillie et al. 1988). In those previous
studies, a basement membrane deposited on a supporting
matrix of collagen fibrils by bovine corneal endothelial
cells was employed (the in vitro equivalent of Des-
cemet’s membrane). However, the membrane deposited
by the bovine corneal endothelial cells exhibited numer-
ous pores caused by corneal endothelial processes that
remained in place as the membrane was deposited. Since
the porous nature of the bovine corneal endothelial-
deposited membrane ruled out its use, we modified the
experiments of Valentich (1982), who found that a basal
lamina was deposited by MDCK cells when they were
cultured on a supporting matrix of collagen fibrils.
MDCK cells were subsequently shown to synthesize
normal components of an epithelial basal lamina: type
IV collagen, laminin, and heparan sulfate proteoglycan
(perlecan) (Taub 1991; Patrone et al. 1992).
In our experiments, detergent lysis of the MDCK cells
followed by scanning electron microscopic examination
showed an essentially intact basal laminar surface inter-
rupted by an occasional pore, a result of MDCK cell pro-
cesses extending through the membrane as previously re-
ported by Valentich (1982). These pores were occupied
by cell processes of the cultured keratinocytes (not
shown) in a manner identical to that described for cul-
tured oral keratinocytes (Lillie et al. 1988) thus making
the basal lamina an effective barrier to the diffusion of
macromolecular hyaluronan out of the epithelium.
Culture of the REKs on a basal lamina-covered colla-
gen fibrillar matrix markedly altered the manner in
which hyaluronan was treated by the keratinocytes when
compared to those cultured on a collagen support matrix
without a basal lamina. In cultures lacking a basal lami-
na, abundant, large hyaluronan molecules were found in
the supporting collagenous matrix and underlying medi-
um. In contrast, hyaluronan recovered from the basal
lamina-covered matrix and underlying medium was re-
duced in amount and of smaller molecular mass suggest-
ing that macromolecular hyaluronan was retained within
the epithelium. Key observations from these experiments
were that: (1) the total 3H-labeled hyaluronan accumulat-
ed in cultures without a basal lamina was greater than in
cultures with a basal lamina and (2) conversely, the total
amount retained in the epithelium was greater in cultures
with a basal lamina. The first of these observations indi-
cates that at least 35% of the hyaluronan synthesized
during the labeling period, the difference between the
two culture configurations at the end of the labeling peri-
od, was catabolized within the epithelium in cultures
with a basal lamina. The actual amount is likely to be
more because cultures without a basal lamina also catab-
olize some hyaluronan even though most diffuses out of
the epithelium. We expect, then, that the half-life of a
newly synthesized hyaluronan molecule in cultures with
a basal lamina will be close to that observed for explants
of human skin, approximately 1 day (Tammi et al. 1991).
The second observation indicates that the retention of
hyaluronan within the epithelial layer when a basal lami-
na is present increases the steady state concentration of
hyaluronan around the cells in the basal and spinous cell
layers. Besides demonstrating the effectiveness of the
basal lamina in preventing the movement of macromole-
cules out of the epidermal compartment, experiments
with the two different support matrices emphasize that
not all hyaluronan synthesized by the keratinocytes is
tethered to the cell surface and that some is free to move
within the intercellular space. While the present experi-
ment was not designed to study hyaluronan internaliza-
tion, the results obtained emphasize the importance of
high concentrations of hyaluronan proximate to the kera-
tinocyte cell surface for efficient catabolism.
Our previous work with these REKs indicated that
hyaluronan was tethered to the cell surface either by the
enzymes responsible for its synthesis, hyaluronan synth-
ases, or by the hyaluronan receptor CD44 (Tammi et al.
1998). Although the catabolic processes responsible for
hyaluronan breakdown are not fully understood, there is
evidence that the hyaluronan receptor is important in the
binding and subsequent internalization of hyaluronan
(Hua et al. 1993; Kaya et al. 1997).
Hyaluronan was the major glycosaminoglycan syn-
thesized by the cultured REKs followed by heparan sul-
fate and chondroitin sulfate. The relative proportions of
these glycosaminoglycans formed by the cultured kerati-
nocytes are very similar to that formed by the epidermis
in organ cultures of porcine (King 1981) and human skin
(Tammi and Tammi 1986). This finding indicates the
REKs may be an excellent model in which to study over-
all glycosaminoglycan/proteoglycan metabolism in the
epidermis.
Although the functional roles of hyaluronan are not
completely understood, it is now evident that it is not
simply a large, passive, space-filling connective tissue
molecule. Hyaluronan has been shown to be an impor-
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tant cell surface component which, through interactions
with other molecules, plays significant roles in morpho-
genesis, wound healing, immune function, and malignant
behavior (Sherman et al. 1994; Entwistle et al. 1996;
Knudson 1998; Zeng et al. 1998). The homeostatic roles
of hyaluronan in epithelia are not understood. Certain
secretory epithelia add hyaluronan to their secretions
(Mani et al. 1992; see Tammi et al. 1994b; Yung et al.
1996; Usui et al. 1999). But such secretory epithelia to-
gether with most simple epithelia lack demonstrable in-
tercellular hyaluronan. That finding contrasts with the
universal presence of intercellular hyaluronan within the
basal cell layer and proximate suprabasal layers of all
stratified epithelia studied thus far (Tammi et al. 1988,
1990; Laurent et al. 1995; Wang et al. 1996; Hirvikoski
et al. 1999). It is possible that the large hydrated domain
produced by intercellular hyaluronan in these stratified
epithelia facilitates diffusion of metabolites in and out of
these avascular tissues as well as providing a hydrated
pathway for cells of the immune system that traffic
through these tissues. A further role for hyaluronan with-
in these stratified epithelia may be one of regulating cell
division. Transgenic mice expressing an antisense CD44
hyaluronan receptor also lacked demonstrable intercellu-
lar epidermal hyaluronan. These same mice did not ex-
hibit a normal proliferative response following wounding
or challenge with phorbol ester; observations which
seem to implicate that hyaluronan is necessary for a nor-
mal proliferative response (Kaya et al. 1997). Hyaluro-
nan may also, in some way, play a role in regulating the
differentiation of keratinocytes as they move toward the
surface of the tissue. This idea comes from the observa-
tion that dysplastic stratified epithelia that contain in-
creased layers of immature basal-like and suprabasal
cells exhibit intercellular hyaluronan throughout a much
greater depth of the tissue than that seen in normal strati-
fied squamous epithelium (Wang et al. 1996; Hirvikoski
et al. 1999). Some experiments also indicate hyaluronan
or its CD44 receptor may play a role in keratinocyte cell
to cell adhesion but the mechanisms are not understood
(Milstone et al. 1994; Hudson et al. 1995).
REKs cultured on collagen or basal lamina-covered
collagen matrices grow, stratify, and differentiate in a
manner similar to the native epidermal tissue. The distri-
bution of hyaluronan and the hyaluronan receptor CD44
within the “epidermis” formed by the cultured keratino-
cytes is similar to that in native epidermis as is the ex-
ceptionally active synthesis and catabolism of hyaluro-
nan by the keratinocytes. The addition of the basal lami-
na to the collagen matrix permits the formation of a true
epidermal compartment bounded by the cornified layer
on the surface and the basal lamina subjacent to the basal
cells. The basal lamina forms a true barrier to the diffu-
sion of macromolecular hyaluronan away from the kera-
tinocytes and results in increased catabolism of the mol-
ecule within the epithelium. Surprisingly, this study ap-
pears to be the first to demonstrate that a basal lamina
acts as a barrier to a naturally occurring tissue macro-
molecule either in vivo or in vitro, based on a review of
the literature concerned with the barrier functions of the
basement membranes (Farqhuar 1991; Williams 1994).
REKs cultured on a basal lamina-covered collagen gel
provide a good model within which to study epidermal
metabolism isolated from the influence of dermal cells or
other supporting cells included in a collagen matrix.
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